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The mitochondrial tyrosyl-tRNA synthetases (mtTyrRSs) of Pezizomycotina fungi, a subphylum that includes many pathogenic species, are bifunctional proteins that both charge mitochondrial tRNA Tyr and act as splicing cofactors for autocatalytic group I introns. Previous studies showed that one of these proteins, Neurospora crassa CYT-18, binds group I introns by using both its N-terminal catalytic and C-terminal anticodon binding domains and that the catalytic domain uses a newly evolved group I intron binding surface that includes an N-terminal extension and two small insertions (insertions 1 and 2) with distinctive features not found in non-splicing mtTyrRSs. To explore how this RNA binding surface diverged to accommodate different group I introns in other Pezizomycotina fungi, we determined x-ray crystal structures of C-terminally truncated Aspergillus nidulans and Coccidioides posadasii mtTyrRSs. Comparisons with previous N. crassa CYT-18 structures and a structural model of the Aspergillus fumigatus mtTyrRS showed that the overall topology of the group I intron binding surface is conserved but with variations in key intron binding regions, particularly the Pezizomycotina-specific insertions. These insertions, which arose by expansion of flexible termini or internal loops, show greater variation in structure and amino acids potentially involved in group I intron binding than do neighboring protein core regions, which also function in intron binding but may be more constrained to preserve mtTyrRS activity. Our results suggest a structural basis for the intron specificity of different Pezizomycotina mtTyrRSs, highlight flexible terminal and loop regions as major sites for enzyme diversification, and identify targets for therapeutic intervention by disrupting an essential RNA-protein interaction in pathogenic fungi.
Aminoacyl-tRNA synthetases are a class of ancient, essential enzymes that catalyze the ligation of amino acids onto cognate tRNAs. In addition to this essential role, many aminoacyl-tRNA synthetases have evolved secondary functions, frequently by the acquisition of new domains or sequence expansions (1) (2) (3) .
Among the best-studied examples of such gain-of-function are the mitochondrial tyrosyl-tRNA synthetases (mtTyrRS) of fungi belonging to the subphylum Pezizomycotina, which evolved to promote the splicing of mitochondrial (mt) group I introns (4) . Group I introns are ribozymes that catalyze their own splicing via guanosine-initiated transesterification reactions (5) . Although some self-splice in vitro, most have acquired mutations that impair self-splicing and have thus become dependent upon intron-encoded or cellular proteins to promote formation of the catalytically active ribozyme structure (6) . The Pezizomycotina mtTyrRS 2 evolved to function in splicing via a series structural adaptations, which occurred during or after the divergence of Pezizomycotina from Saccharomycotina and resulted in a new group I intron binding surface distinct from that which binds tRNA Tyr (4, 7) . These structural adaptations included acquisition of a longer N-terminal extension and several small insertions (insertions (Ins) 1-5) resulting from the expansion of flexible terminal or loop regions (4) . Thus, these enzymes provide an ideal model system for investigating how proteins in general and aminoacyl-tRNA synthetases in particular acquire new RNA binding functions.
Thus far most studies of how fungal mtTyrRSs function in splicing group I introns have focused on the Neurospora crassa mtTyrRS, denoted CYT-18 protein, which was identified as a group I intron splicing factor in an early genetic screen for splicing-deficient mutants (8) . Temperature-sensitive mutants in the cyt-18 gene were found to be defective in splicing the N. crassa mt large subunit rRNA (mtLSU) intron and two other group I introns (8, 9) . Further studies showed that CYT-18 is by itself sufficient to promote the splicing of these introns as well as diverse group I introns from other organisms in vivo and in vitro (10 -12) .
CYT-18 promotes splicing by binding specifically to group I intron RNAs and stabilizing their catalytically active RNA structure (13) . Group I introns have minimal sequence conservation but fold into a conserved tertiary structure that is required for ribozyme activity (14 -17) . This conserved structure consists of two extended helical domains, denoted the P4-P6 and P3-P9 domains, whose juxtaposition creates an active-site cleft that binds the splice sites and the guanosine * This work was supported by National Institutes of Health Grant GM37951.
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co-factor and uses specifically bound Mg 2ϩ ions for catalysis (15) (16) (17) (18) . A 4.5-Å co-crystal structure of a C-terminally truncated CYT-18 protein bound to the Twort group I intron RNA ribozyme showed that CYT-18 recognizes the conserved phosphodiester-backbone structure of group I intron RNAs, with few if any base-specific contacts (12) . Biochemical and genetic studies suggested a model in which CYT-18 binds first to the P4-P6 domain to promote formation of the correct geometry of the P4-P6-stacked helices and then makes additional contacts with the P3-P9 domain to stabilize the two domains in the correct relative orientation to form the intron RNA active site (13, 19) . mtTyrRSs are class I aminoacyl-tRNA synthetases with a domain architecture similar to that of bacterial TyrRSs. They have N-terminal catalytic and ␣-helical domains (together referred to as the NTDs), which are attached via a flexible linker to a C-terminal anticodon binding domain (CTD) ( Fig. 1A ) (20) . Bacterial TyrRSs and mtTyrRSs are homodimers that bind one tRNA Tyr molecule across the two subunits, with the N-terminal catalytic domain of one subunit binding the acceptor stem and the ␣-helical and C-terminal domains of the other subunit binding the variable and anticodon arms (21, 22) . The homodimeric CYT-18 protein also binds a single group I intron across both subunits by using both the N-terminal catalytic domain and flexibly attached CTD (23) (24) (25) . Most contacts to group I intron RNAs are made via the catalytic domain with only some group I introns requiring additional contacts from the CTD for RNA splicing (25) .
It was thought initially that CYT-18 might bind group I introns by using its tRNA Tyr binding site, but structural studies showed that CYT-18 has a distinct group I intron binding surface on the side of the catalytic domain opposite that which binds tRNA Tyr (12, 26) . This intron binding surface includes an N-terminal extension (H0) and two small insertions (Ins 1 and 2) that function directly in group I intron binding (12) . Three other Pezizomycotina-specific insertions (Ins 3-5) are found in the CTD, whose flexible attachment enables the binding of either a group I intron or tRNA Tyr on opposite sides of the catalytic domain (12, 26 -28) . Although full-length CYT-18 could not be crystallized, an NMR structure of the closely related Aspergillus nidulans CTD showed that Ins 3 is an expansion of the flexible linker between the NTDs and CTDs and that Ins 4 and Ins 5 may be involved in both tRNA Tyr and group I intron binding (28) . Small angle x-ray scattering solution structures of full-length CYT-18 by itself and bound to the Twort group I intron showed that the NTDs of the full-length protein bind group I introns in solution in the same manner as the isolated NTDs in the co-crystal structure and that both CTDs of the homodimeric protein move inward to bind opposite, structurally different ends of the intron RNA (27) .
Thus far, biochemical studies have confirmed splicing activity for five Pezizomycotina mtTyrRSs from N. crassa, A. nidulans, Podospora anserina, Coccidioides posadasii, and Histoplasma capsulatum (4, 29, 30) . Splicing assays revealed that although all these proteins are closely related and contain the same series of insertions, they preferentially splice their cognate mtLSU group I intron and have variable abilities to splice the mtLSU introns of other fungi (4). This intron specificity sug-gests that the mtTyrRS in different fungi co-evolved with their cognate introns to splice them efficiently, and in some cases this led to decreased ability to splice non-cognate group I introns.
The Pezizomycotina fungal subphylum encompasses many species of medical and commercial importance, including C. posadasii and A. nidulans whose mtTyrRSs are studied in this work (31) . C. posadasii is a causative agent of coccidioidomycosis, a respiratory disease that ranges from mild (asymptomatic) to life threatening, particularly in immunocompromised individuals (32) . A. nidulans is closely related to pathogenic Aspergillus species, including Aspergillus fumigatus (Af), the second-most prevalent species in invasive fungal infections and the most common in fatal cases (33) . Because Pezizomycotina fungi are generally obligate aerobes, the splicing of mt group I introns by mtTyrRSs is an essential function that is required for the production of respiratory enzymes. Thus, targeting the fungal-specific group I intron binding surface to prevent splicing without inhibiting TyrRS activity of the human enzyme is a potential therapeutic strategy.
Here, we determined x-ray crystal structures of the N-terminal catalytic and ␣-helical domains of the mtTyrRSs from A. nidulans (An NTDs) and C. posadasii (Cp NTDs). We then compared these structures to previously determined structures of CYT-18 by itself and bound to a group I intron RNA and used them to construct a structural model of the Af mtTyrRS. The comparisons showed that Ins 1 is structurally similar between the different Pezizomycotina enzymes and likely interacts with intron RNA in a manner similar to Ins 1 of CYT-18. By contrast, the N-terminal H0 extension and Ins 2 vary significantly. Our results suggest a structural basis for the group I intron binding specificities of different Pezizomycotina mtTyrRSs, identify regions of these proteins as potential drug targets, and provide further insight into how fungal mtTyrRSs evolved to function in RNA splicing.
Experimental Procedures
Recombinant Plasmids-Recombinant plasmids used for the expression of fungal mtTyrRSs in Escherichia coli are derivatives of the phage T7 promoter-driven expression vector pET11d (Novagen). All protein constructs lack the N-terminal mt targeting sequence, which was determined experimentally for CYT-18 (24) and predicted for the other proteins by MITO-PROT (34) . Wild-type CYT-18 (residues 33-669) was expressed in E. coli HMS174(DE3) from plasmid pEX560 (24) . Plasmids pHISTEVAn602 and pHISTEVCp602 express the A. nidulans mtTyrRS NTDs (residues 60 -462) and C. posadasii mtTyrRS NTDs (residues 46 -429), respectively, with an N-terminal hexahistidine tag that can be removed by cleavage with tobacco etch virus (TEV) protease. These plasmids were constructed by recloning the hexahistidine-tagged A. nidulans and C. posadasii NTD sequences from pHISTEVAnTyrRS and pHISTEVCpTyrRS, respectively (4), between the NcoI and BamHI sites of pET11d. Cleavage of the expressed mtTyrRS proteins at the TEV site results in an extra methionine at the N terminus of the An NTDs and an extra glycine at the N terminus of the Cp NTDs.
The Af mtTyrRS was expressed from plasmid pAfYRS-⌬MTP. This plasmid was constructed by separately amplifying each of the five exons of the mtTyrRS coding sequence from A. fumigatus strain 293 genomic DNA (35) (provided by L. Losada, J. Craig Venter Institute), joining them by overlap PCR using a primer that adds a TEV-cleavable N-terminal hexahistidine tag, and cloning the PCR product between the NcoI and BamHI sites of pET11d vector (Novagen). The final construct was confirmed by sequencing.
The Af mtLSU intron was transcribed in vitro from pAfmtLSU-⌬ORF. This plasmid was constructed by PCR amplifying the intron and flanking 5Ј-and 3Ј-exon sequences (70 and 27 nucleotides, respectively) from A. fumigatus strain 293 DNA (35) . The intron was amplified in two segments to remove the ORF encoding mt ribosomal protein S5, which is present in L8, using primers that introduce a phage T7 promoter sequence upstream of the 5Ј exon, an overlapping Hin-dIII site for ligation of the two PCR products, and terminal BamHI and EcoRI sites for cloning between the corresponding sites of pUC18. Transcription of the EcoRI-digested plasmid with T7 RNA polymerase yields a 390-nucleotide precursor RNA containing the intron.
Protein Expression and Purification-Protein-expression plasmids were transformed into E. coli Rosetta2(DE3) (EMD Millipore) and stored as frozen glycerol stocks. The An NTDs were expressed by autoinduction (36) in LB medium. A 20-ml starter culture, which was inoculated from a freshly streaked out glycerol stock, was grown at 37°C in LB overnight, and 5 ml was then used to inoculate cultures containing 500 ml of LB media in 2.5-liter Ultra Yield flasks. Cultures were grown with shaking at 260 rpm for 4 h at 37°C and then shifted to 25°C overnight. Selenomethionine (Se-Met)-labeled Cp NTDs protein was expressed by autoinduction in minimal medium for selenium-methionine labeling (36) . Briefly, a starter culture was grown in 250-ml PASM-5052 media (36) overnight at 25°C at 260 rpm, and 18 ml was used to inoculate 500 ml of PASM-5052 media in 2.5-liter Ultra Yield flasks containing 125 g/ml Se-Met (36) . The cells were grown for 16 h at 25°C with 260 rpm shaking. The selenium methionine-labeled Cp NTDs produced better diffracting crystals than did the native protein.
The wild-type CYT-18 protein was purified as described (12, 23) . The An and Cp mtTyrRS NTDs and the full-length Af mtTyrRS were purified by nickel affinity chromatography (His-Trap™ HP column; GE Healthcare) (4). Cells were resuspended in 25 ml of 500 mM KCl, 25 mM Tris-HCl, pH 7.5, and lysed by incubation with lysozyme (1 mg/ml) for 30 min followed by sonication and nucleic acid removal by polyethyleneimine precipitation (final concentration of 1%). The proteins were then precipitated with 40% ammonium sulfate, and the resulting pellet was dissolved in nickel affinity column binding buffer (500 mM KCl, 25 mM Tris-HCl, pH 7.5, 30 mM imidazole). The lysate was then run through a HiTrap TM HP column (GE Healthcare), and hexahistidine-tagged proteins were eluted with elution buffer (500 mM KCl, 25 mM Tris-HCl, pH 7.5, 500 mM imidazole). This was followed by removal of the hexahistidine tag by TEV-protease cleavage (200 l of 2 mg/ml TEV) during dialysis at 4°C in 500 mM KCl, 25 mM Tris-HCl, pH 7.5, 5 mM DTT, which also removes imidazole. The proteins were then further purified by another round of nickel affinity chromatography as described above followed by size-exclusion chromatography (HiLoad TM 16/60 Superdex TM 200; GE Healthcare). The sizeexclusion column purifications were done in the same buffer used for protein crystallization, after which the proteins were concentrated using Amicon Ultra-15 or Ultra-4 centrifugal filter units (EMD Millipore) in buffers optimized for solubility and stored at 4°C. The An NTDs protein was stored in 200 mM KCl, 25 mM Tris-HCl, pH 7.5. The Cp NTDs Se-Met protein was stored in 250 mM KCl, 25 mM Tris-HCl, pH 7.5 with 1 mM DTT added before setting up sitting drops.
The purified CYT-18 and An and Cp NTDs used for biochemical assays were dialyzed after purification into 100 mM KCl, 25 mM Tris-HCl, pH 7.5, 50% glycerol (v/v) for storage at Ϫ80°C. The purified Af mtTyrRS was dialyzed against 500 mM NaCl, 25 mM Tris-HCl, pH 7.5, 50% glycerol (v/v), flash-frozen, and stored at Ϫ80°C.
All proteins were Ͼ99% pure, as judged by SDS-polyacrylamide gels stained with Coomassie Blue. Protein concentrations were determined by measuring A 280 under denaturing conditions (6 M guanidine hydrochloride). Extinctions coefficients used for concentration determination were 1.80 (mg/ ml) Ϫ1 cm Ϫ1 for the CYT-18 NTDs, 1.70 (mg/ml) Ϫ1 cm Ϫ1 for the An NTDs, and 1.79 (mg/ml) Ϫ1 cm Ϫ1 for the Cp NTDs. Concentrations of CYT-18, An NTDs, Cp NTDs, and Af mtTyrRS refer to the homodimer.
Tyrosyl Adenylation Assays-Tyrosyl adenylation reactions were done with 100 nM protein in 50 l of reaction medium containing 5 mM ATP, 100 mM KCl, 10 mM MgCl 2 , 144 mM Tris-HCl, pH 7.5, 2 mM DTT, 0.1 mg/ml BSA (New England BioLabs), 0.1 unit of yeast inorganic phosphatase (New England BioLabs), and 5 Ci of L-[3,5-3 H]tyrosine (53 Ci mmol Ϫ1 ; Amersham Biosciences). The reactions were initiated by adding protein and incubated at 30°C for 10 min. Reactions were terminated by diluting with 1 ml of reaction buffer and then filtering through a nitrocellulose membrane (Protran BA83, GE Healthcare), which retains protein-bound tyrosyl adenylate. Radioactivity was measured using a Beckman Coulter LS 6500 scintillation counter by dissolving the protein-bound membranes in Ready Protein scintillation mixture (Beckman).
RNA Splicing Assays-32 P-Labeled intron-containing precursor RNAs were transcribed from linearized pAfmtLSU-⌬ORF using a MEGAscript kit (Ambion) with 3.3 mM [␣-32 P]UTP (3000 Ci mmol Ϫ1 ; PerkinElmer Life Sciences). Splicing assays were carried out in 20 l of reaction media containing different concentrations of KCl and MgCl 2 in 20 mM Tris-HCl, pH 7.4, with 100 nM 32 P-labeled RNA, 200 nM mtTyrRS protein dimer, and 1 mM GTP-Mg 2ϩ . The reactions were initiated by adding GTP-Mg 2ϩ and incubated at 30°C. 4-l portions were collected at various time points (0, 2, 10, and 60 min), and the reactions were terminated by adding stop buffer (75 mM EDTA, 0.1% SDS). The products were analyzed in denaturing 6% polyacrylamide gels, which were dried and quantified using phosphorimaging.
Protein Crystallization and Data Collection-Initial crystallization screens were done at concentrations of 16.5 mg/ml An NTDs and 6.7 mg/ml Cp NTDs using crystallization screens from Hampton Research and a Phoenix protein crystallization robot (Art Robbins Instruments). Crystals of the An NTDs and Cp NTDs were obtained in crystal screen lite (Hampton Research) and crystal screen (Hampton Research), respectively. Initial crystallization conditions for each protein were optimized to obtain diffraction quality crystals by vapor diffusion (sitting drops) in Cryschem M plates (Hampton Research). The sitting drops were set up with 500 l of mother liquor in the reservoir and either 1:1 (An NTDs) or 2:1 (Se-Met Cp NTDs) ratio of protein-to-mother liquor on the pedestal. The An NTDs crystal grew in 5 days in a drop containing 10 mM Tris-HCl, pH 8.5, 8% PEG 8000, 1 mM L-tyrosine, and 12% glycerol. The Se-Met Cp NTDs crystal grew in 2 days in a condition containing 10 mM HEPES-NaOH, pH 7.0, 8% PEG 3350, 1% isopropyl alcohol, 1 mM L-tyrosine, 12% glycerol. Protein crystals were picked up using nylon loops (Hampton Research) and cryoprotected before freezing in liquid nitrogen. The Se-Met Cp NTDs and An NTDs crystals were cryoprotected by short soaks in their respective mother liquors containing 50% glycerol.
Data were collected for Se-Met Cp NTDs in 45°wedges at the LS-CAT beamline 21-ID-G of the Advanced Photon Source (Argonne National Laboratory) equipped with a MARMO-SAIC 300 CCD detector. Data for the An NTDs were collected remotely at beamline 5.0.2 at the Advanced Light Source (Lawrence Berkeley National Laboratory) equipped with ADSC Quantum 315R CCD detector.
Structure Determination and Refinement-Data were processed using HKL2000 (HKL Research Inc.) (37) . The CCP4 software suite was used to convert scalepack files to mtz files (Scalepack2MTZ); solvent analysis was done using the program Matthews coefficient; density modification was done using Parrot; model building was done using Buccaneer, and construction of a molecular replacement search model for An NTDs was done using CHAINSAW (38 -40) . The An NTDs structure was solved by molecular replacement using Phaser in the PHENIX software suite and a search model based on the Geobacillus stearothermophilus TyrRS (PDB ID 3TS1) (41, 42) . Model building was done in Coot, and model refinement was in PHENIX by phenix.refine. The automated pipeline autoSHARP was used for heavy atom detection, refinement, and phasing of Se-Met Cp NTDs (43, 44) . Although the Cp NTDs construct has only 11 methionine residues, 12 sites were found due to Met-169 being in two different conformations with fairly equal occupancies of 0.45 and 0.55. The programs Parrot and Buccaneer were used for density modification and initial model building (45, 46) . After initial refinement in REFMAC, further refinement was done by phenix.refine (PHENIX software suite), and further model building and validation were done in Coot (47) (48) (49) . The geometry of the An and Cp NTDs structures was checked using MolProbity (50) . To compare structures, the root mean square deviations (r.m.s.d.) values were determined by making polyalanine chain models of the structures using CHAINSAW before alignment using PyMOL (40) .
Homology Model Building-Homology models of the NTDs of the A. fumigatus and Saccharomyces cerevisiae mtTyrRSs were built by using the I-TASSER server (51) . The A. fumigatus mtTyrRS model built by I-TASSER used the A. nidulans NTDs structure determined here as an additional template.
Results and Discussion
Characterization of Crystallization Constructs-To investigate the divergence of the group I intron RNA binding surface in the catalytic domain of different Pezizomycotina mtTyrRSs, we determined the structures of C-terminally truncated An and Cp mtTyrRSs by x-ray crystallography and compared them to previously determined N. crassa CYT-18 structures. The An and Cp mtTyrRS constructs used for crystallography, denoted An and Cp NTDs, contain the N-terminal catalytic and ␣-helical domains but lack the mt targeting sequence and flexibly attached CTD and C-tail, which impede crystallization of fulllength TyrRSs (Fig. 1A) (26, 52, 53) . The truncated proteins activated L-tyrosine using ATP to form enzyme-bound tyrosyl adenylate at a stoichiometry of near 1 molecule per protein dimer, as expected for active NTD proteins with half-sites reac- (4). The An and Cp mtTyrRS constructs that were used for crystallization contain the N-terminal catalytic and ␣-helical domains (NTDs) and lack the CTD and C-tail. B, tyrosyl adenylation assays. The assays show that the CYT-18 and An and Cp NTDs constructs synthesize enzyme-bound tyrosyl adenylate (the first step in aminoacylation) with a stoichiometry close to 1 mol/mol or protein dimer. The bar graph shows the mean for three experiments with the error bars indicating the S.D. tivity ( Fig. 1B) (54) . The An NTDs structure was solved by molecular replacement at 2.30 Å, and the Cp NTDs structure was solved by selenium single wavelength anomalous dispersion at 2.63 Å. Both structures were solved with L-tyrosine in the active site. Data collection and refinement statistics for the two structures are shown in Table 1 .
Overview of the Pezizomycotina mtTyrRS Structures-As expected, the structures show that the An and Cp NTDs are homodimeric proteins with overall domain architectures similar to those of bacterial TyrRSs (Fig. 2) . The catalytic domain of both proteins displays a characteristic nucleotide binding-fold motif (Rossmann fold), consisting of six parallel ␤-strands (␤A-␤F) connected by ␣-helices (H1-H11) with an active-site pocket that binds L-tyrosine, ATP, and the 3Ј end of tRNA Tyr . The ␣-helical domain, which binds the variable and anticodon arms of tRNA Tyr (22) , consists of five ␣-helices (H1Ј-H5Ј). As in bacterial TyrRSs, the dimer interface is formed by interactions between the two catalytic domains, leaving the two ␣-helical domains at opposite ends of the dimer (Fig. 2 , A and C) (22, 55) .
The catalytic domain of class I aminoacyl-tRNA synthetases contains two conserved motifs, HIGH and KMSKS, which function in amino acid activation by ATP (20, 56, 57) . The HIGH motifs (HVGH and HIGH in the An and Cp mtTyrRSs, respectively) are visible in both structures at the end of H3 (orange; Fig. 2, B and D) . The KMSKS motif (KFGKS and KIGKS in the An NTDs and Cp NTDs, respectively) is disordered in the structures, as in other TyrRS structures that lack bound tyrosyl adenylate (22, 41, 53) .
Superposition of the An and Cp NTDs and previously determined CYT-18 NTDs structures onto the bacterial G. stearothermophilus TyrRS structure (Fig. 3A) shows that all have structurally similar NTDs, except for the N-terminal extension and two insertions (Ins 1 and 2), which are present only in the Pezizomycotina mtTyrRSs. Excluding these regions, the r.m.s.d. for the fits of the backbone of the CYT-18, An, and Cp NTDs to the bacterial G. stearothermophilus NTDs structure are 1.08, 1.23, and 1.22 Å, respectively. In both the An and Cp mtTyrRSs, the N-terminal extension contains an ␣-helix denoted H0; Ins 1 is an expansion of H5 followed by a loop, and Ins 2 is an expansion of the loop between helix 10 and ␤F (Figs. 2 and 3). Superposition of the three mtTyrRSs with each other shows that the structures of the H0 extension and Ins 2 differ significantly in the three fungal enzymes (Fig. 3B ), as described in more detail below.
Binding of Tyrosine by the Pezizomycotina mtTyrRSs-All three of the Pezizomycotina mtTyrRSs were crystallized with L-tyrosine in the active site, where it is bound similarly via hydrogen bonds to five residues. Four of these residues (Tyr-99, Tyr-247, Gln-251, and Asp-254 in CYT-18) are conserved in all TyrRSs, with the remaining residue (Asp-143 in CYT-18) is specific to mt and bacterial TyrRSs ( Fig. 3C) (58) . Although the Cp NTDs crystallized with one monomer in the asymmetric unit, the An NTDs had two monomers of neighboring dimers in the asymmetric unit. Interestingly, one of these monomers contains a bound L-tyrosine, whereas the other monomer does not. The two monomers are highly similar with an overall (all atom) r.m.s.d. of 0.817 Å. However, two regions are visible only in the tyrosine-bound monomer. One is a 15-residue loop connecting ␤C to H5, which is likely visible due to the conserved stabilizing interaction between the L-tyrosine ligand and Asp-113 (Fig.  3C ). The other corresponds to five residues of H9 and the loop connecting H9 to H10, which is near the previously mentioned stabilized 15-residue loop. Similar ordering of regions near the active site upon binding of L-tyrosine has been observed for other TyrRSs (53, 58) .
Structural Variations in the Pezizomycotina-specific Insertions-The CYT-18 ϩ Twort intron RNA co-crystal structure showed that the N-terminal H0 extension, Ins 1, and Ins 2 all function directly in binding group I introns (12) . In CYT-18 as well as the An and Cp mtTyrRSs, the N-terminal extension consists of an unstructured region that is not visible in the crystal structure followed by the ␣-helix H0, which is flexibly attached to the proteins by a conserved glycine (Gly-62 in CYT-18) and fixed in position by interactions with the protein core ( Fig. 4) . Although the orientation of H0 is similar in all three proteins, the lengths of the unstructured region and H0 helix differ. In CYT-18, the H0 helix is 23 residues long and is preceded by a 6-residue unstructured region (Figs. 4A and 5), whereas the A. nidulans mtTyrRS structure shows a smaller H0 helix (17 or 18 residues in the two monomers) preceded by 12 or 13 residues that are not visible in the structure (Figs. 4B and 5 ). The C. posadasii protein has a substantially longer 27-residue helix with only the two N-terminal residues (Gln-48 and Lys-49) not visible in the structure (Figs. 4C and 5) .
In all three proteins (CYT-18 and the An and Cp mtTyrRSs), two conserved interactions help stabilize H0 against the body of the protein. One is a stacking interaction between a highly conserved tryptophan in H0 (Trp-52, Trp-81, and Trp-67, respectively) and a conserved arginine in the loop between H2 and ␤B 
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(Arg-95, Arg-123, and Arg-110, respectively), and the other is a hydrophobic interaction between a highly conserved isoleucine at the C-terminal end of H0 (Ile-59, Ile-88, and Ile-74) and residues in H2 ( Fig. 4) (4) . However, the CYT-18 structure shows additional H0 interactions that are not seen in the other proteins. These include (i) a second stacking interaction between the conserved H0 tryptophan (Trp-52) with another arginine in H0 (Arg-55), (ii) a salt bridge between the H0-H1 loop (Lys-64) and H4 of the protein core (Glu-126) (Fig. 4A) , and (iii) interactions between H0 and Ins 1 and 2 that are described in more detail in the next section. These differences suggest that the orientation of H0 may be more flexible in the An and Cp mtTyrRSs than in CYT-18. In all three Pezizomycotina mtTyrRSs, Ins 1 is a 13-residue expansion of H5 followed by a 6-residue loop, which packs against the protein core via salt bridges with the catalytic and ␣-helical domains ( Figs. 4 and 5) . The salt bridges between Ins 1 and the catalytic domain are similar in all three TyrRSs, whereas those between Ins 1 and the ␣-helical domain differ. In CYT-18, the Ins 1 helix interacts with H3Ј of the ␣-helical domain (Fig. 4A) , whereas the An and Cp mtTyrRS have a salt bridge between the C-terminal end of the Ins 1 helix and H4Ј of the ␣-helical domain (Fig. 4, B and C) .
Surprisingly, the structure of Ins 2 differs markedly between the three proteins. Ins 2 of CYT-18 is 18 residues long and consists of a loop containing a small 7-residue proline-capped helix (Figs. 4A and 5). It is composed of mostly acidic residues and is distinctively proline-rich. By contrast, the Ins 2s of both the An and Cp mtTyrRS lack regular secondary structure ( Fig.  4, B and C) . The Ins 2 of the Cp mtTyrRS is the same length as that of CYT-18 (18 residues) and is likewise composed largely of acidic and polar residues with a similarly high number of prolines, whereas Ins 2 of the An mtTyrRS is slightly shorter (16 residues) and composed of acidic and polar residues but is not proline-rich (Fig. 5 ). These differences in the structures and stabilizing interactions of the three insertions, which are most pronounced for H0 and Ins 2, could potentially affect group I intron binding (see below).
Interactions between the Pezizomycotina-specific Insertions-A striking feature of the CYT-18 structure is that all three of the catalytic domain insertions interact with each other, forming an extended scaffold for group I intron binding (59) . Surprisingly, this fully connected scaffold is not observed in the other two mtTyrRSs. In CYT-18, the N-terminal extension interacts with Ins 1 via the stacking of Lys-44 in the H0 helix with Trp-190 in the Ins 1 loop, which may help stabilize the H0 helix (Fig.  4A) . A similar stacking interaction is present in the Cp mtTyrRS between Arg-59 (H0) and Trp-205 (Ins 1) but is absent in the An mtTyrRS, where the corresponding tryptophan in Ins 1 has been replaced by a methionine (Met-207), whose side chain is disordered due to flexibility (Fig. 4, B and C) . In CYT-18 the N-terminal extension also interacts with Ins 2 via a potential salt bridge between a conserved arginine (Arg-35) in the unstructured region upstream of H0 and a glutamic acid (Glu-296) in Ins 2 (59) . This interaction may be stabilized by group I intron binding and appears to contribute to splicing activity (25, 59) . In the An mtTyrRS, a similar salt bridge is possible as the arginine (Arg-64) in the N-terminal extension and an acidic residue (Asp-332) in Ins 2 are present ( Fig. 5 ). By contrast, in the Cp mtTyrRS, the conserved N-terminal arginine residue (Arg-50) caps the H0 helix, whereas the corresponding residue in Ins 2 is a tryptophan (Trp-309) rather than an acidic residue. Furthermore, the longer H0 helix of Cp mtTyrRS places Arg-50 too far to form a salt bridge with an acidic residue in Ins 2 without a conformational change upon group I intron binding (Fig. 4C) . These missing interactions between the three insertions together with the missing interactions between the insertions and protein core described in the preceding section suggest that the group I intron binding sites in both the An and Cp mtTyrRSs may be more flexible than in CYT-18, possibly to accommodate the splicing of different introns.
Potential Interactions of Cp and An mtTyrRS with a Group I Intron RNA-The insertions in the catalytic domain of Pezizomycotina mtTyrRSs together with neighboring regions of the protein core form an extended group I intron binding surface on the side of the catalytic domain opposite the TyrRS active site (7, 12, 13, 26) . The CYT-18 NTDs ϩ Twort co-crystal structure shows that the protein interacts with both the P4-P6 and P3-P9 domains of the intron RNA, with most of the interactions occurring between the catalytic domain of one protein subunit (denoted subunit B) and the P4-P6 domain, particularly near its junction with the P3-P9 domain (12) .
To examine how variations in the insertions might affect RNA binding, we modeled the An NTDs and Cp NTDs onto the CYT-18 NTDs ϩ Twort ribozyme co-crystal structure (PDB ID 2RJK) ( Fig. 6) (12) . In CYT-18, the H0 helix of subunit B (H0-B) contacts the guanosine binding site (P7) and potentially stabilizes two key tertiary interactions important for proper orientation of the P4-P6 and P3-P9 domains: the J3/4 nucleotide triple in the P6 minor groove by direct interaction and the J6/7 nucleotide triple at the junction between the two domains indirectly via interactions with P7 as described in Paukstelis et al. (12) (Fig. 6D) . The model of the An NTDs ϩ Twort RNA complex shows that the shorter H0-B helix of the An mtTyrRS does not reach the group I intron RNA (Fig. 6E) . Thus, direct interactions of the An mtTyrRS N-terminal extension with J3/4 and P7 would have to involve the unstructured N-terminal region, which could become ordered upon RNA binding (Fig. 6E) . By contrast, the longer H0-B helix of the Cp mtTyrRS clashes severely with the modeled Twort intron RNA (Fig. 6F ), suggesting either a different or more dynamic RNA binding interaction than in CYT-18. In the CYT-18 ϩ Twort co-crystal structure, Ins 1 of subunit B (Ins 1-B) interacts with the major groove of the P6-P6a region of the intron, with both the helical and loop regions of Ins 1 involved in the interaction (Fig. 6D) . These potential interactions of Ins 1-B with P6/P6a are generally similar for all three enzymes, but some residues in Ins 1 that appear to interact with the intron RNA differ between the three proteins (e.g. Glu-206 of the An mtTyrRS and Glu-193 and Trp-203 of the Cp mtTyrRS are potential contact sites in these proteins but not CYT-18) (Fig. 6, E and F) .
Finally, Ins 2 of CYT-18 subunit B (Ins 2-B) binds in the P9 minor groove via its proline-capped helix and potentially stabilizes the important long range L9-P5 tertiary interaction that helps orient the P4-P6 and P3-P9 RNA domains of the intron core ( Fig. 6D) (12, 60) . Ins 2-B of the An mtTyrRS lacks this small helix but is still positioned in the P9 minor groove and may function similarly to Ins 2-B in CYT-18 (Fig. 6E ). By contrast, the Cp mtTyrRS Ins 2-B is much farther away from the intron RNA (Fig. 6F , Ն8 Å compared with 2.7 Å in the CYT-18 NTDs ϩ Twort co-crystal structure), possibly reflecting the missing stabilizing interaction between Ins 2 and H0 (see above). Thus, it is possible that Ins 2-B of the Cp mtTyrRS does not interact with intron RNA. Alternatively, the Cp mtTyrRS may undergo a conformational change upon RNA binding that enables Ins 2-B to interact with the intron RNA as in CYT-18. Such an induced fit scenario for the binding of the Cp Ins 2-B would differ from CYT-18, where the position and structure of Ins 2-B is the same in the presence or absence of bound intron RNA (12) . We conclude that whereas Ins 1 may function similarly in group I intron binding in all three mtTyrRSs, both the H0 extension and Ins 2 may interact differently or more dynamically with group I intron RNAs. 
Potential Intron RNA Contact Sites with Insertions Are Less Conserved Than Those with the mtTyrRS Core-The CYT-18
NTDs ϩ Twort co-crystal structure identified 23 protein residues as close enough (within 4 Å) to potentially interact with the intron RNA (residues marked by asterisks in Fig. 5 ). Of the 23 potentially interacting residues, 13 are within the insertions (4, 5, and 4 residues in H0-B, Ins 1-B, and Ins 2-B, respectively), and 10 are in the protein core ( Figs. 5 and 7) .
Previous sequence alignments showed that none of the 13 putative group I intron binding residues in the insertions are strongly conserved in a group of 18 Pezizomycotina mtTyrRS (4), and none of these residues is conserved, and only four are similar between CYT-18 and the An and Cp mtTyrRSs (the four similar residues are Tyr-41, Lys-44, Lys-172, and Gln-292 in CYT-18; Figs. 5 and 7) . By contrast, 4 of the 10 putative inter-acting residues in the protein core (His-167, Lys-171, Arg-194, and Lys-205 in CYT-18) are conserved in both the An and Cp mtTyrRS (residues names in purple in Fig. 7) , and another three (Lys-193, Ile-196, and Gln-261 in CYT-18) are similar between CYT-18 and the An and Cp mtTyrRSs (residues names in pink in Fig. 7) . Notably, three of the four conserved core residues (His-167, Lys-171, and Lys-205 in CYT-18) and two of the three similar core residues (Lys-193 and Ile-196 in CYT-18) potentially interact with different regions of the intron from both subunits of the protein.
Of the 10 potentially interacting residues that lie in the pro- N. crassa, A. nidulans, and C. posadasii mtTyrRSs. The alignments were created by using MUSCLE (72) . The regions corresponding to the Pezizomycotina-specific insertions are demarcated by a cyan bar beneath the alignments, and the conserved HIGH and KMSKS motifs (Motifs 1 and 2, respectively) are demarcated by an orange bar. Residues conserved between all three enzymes are shown in black boxes with white letters, and similar residues defined according to the Henikoff matrix (73) are shown in gray boxes. Amino acid residues that potentially bind the intron RNA (i.e. located within 4 Å in the CYT-18 NTDs ϩ Twort RNA co-crystal structure; Ref. 12) are indicated with as asterisk above the alignment. The ␣-helices and ␤-strands of the catalytic domain are labeled H1-H11 and ␤A-␤F and the five ␣-helices of the ␣-helical domain are labeled H1Ј-H5Ј. Black tick marks above the alignment demarcate segments of 10 residues. (Fig. 7A ). Four of these residues (His-167, Lys-171, Lys-193, and Ile-196 in CYT-18) may also interact with a different region of the intron RNA (the P5/L9 loop) from subunit A (Fig. 7, right  hand panels) . Five of the seven core residues near Ins 1 are either conserved (His-167, Lys-171, and Arg-194) or similar in other Pezizomycotina mtTyrRSs with the histidine being conserved in all 18 fungal mtTyrRSs compared previously (4) .
The remaining three potentially interacting core residues are in the middle of the intron binding surface (His-201 and Gln-261 in or at the dimerization interface (Lys-205 in and are in position to interact with the P4 region of the intron (Fig. 7A) . Although Lys-205 and Gln-261 are conserved or similar between the three proteins and likely interact with the intron RNA in a similar manner as in CYT-18, His-201 is dissimilar and replaced by a valine in the An mtTyrRS (Val-229) and a threonine in the Cp mtTyrRS (Thr-216). Although the threonine could interact with intron RNA, the valine in the An NTDs is not in a position to interact with the intron RNA (Fig. 5) .
Collectively, these findings indicate that protein core residues that potentially interact with the intron RNA and particularly those near Ins 1 are more conserved than potentially interacting residues found within the insertions. The stronger conservation of potentially interacting core residues may reflect that they are under greater constraint to preserve TyrRS activity than are those within the insertions.
Use of the Pezizomycotina Structures to Construct a Homology Model of a mtTyrRS from a Pathogenic Fungus-Our structures of the intron binding surfaces of splicing-active fungal 
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mtTyrRSs can be used for homology modeling of mtTyrRSs from other pathogenic Pezizomycotina fungi. Such information would enable the rational design of drugs that target the mtTyrRS-intron interaction without perturbing aminoacylation. As an example, we built a homology model of the mtTyrRS from A. fumigatus, which is the most common causative agent of aspergillosis (61) . The An and Af mtTyrRSs are closely related with a sequence identity of 80.5% and sequence similarity of 87.5% (Fig. 8A) . Splicing assays showed that splicing of the Af mtLSU intron is protein-dependent and could be spliced either by the Af mtTyrRS or by CYT-18, which is capable of splicing a diverse range of group I introns from different species (Fig. 8, B and C; Ref. 4) . These data support the possibility of targeting the Af mtTyrRS-intron interaction for therapeutic intervention.
An I-TASSER homology model of the Af mtTyrRS showed high structural similarity to the protein core of An NTDs, CYT-18, and the Cp NTDs (Fig. 8D) . Ins 1 and Ins 2 are similar in structure to the A. nidulans insertions, whereas the N-terminal H0 extension was modeled by the program with a helix length similar to that of CYT-18 (even if the CYT-18 structure was excluded as a template). Like the An mtTyrRS, the Af mtTyrRS enzyme lacks the tryptophan in Ins 1 that stacks with a lysine in the H0 extension and, therefore, does not have the same interconnected insertion scaffold found in CYT-18. A salt bridge between Ins 2 and the H0 extension may still be possible, however, as the interacting resi- FIGURE 7 . Conservation and divergence of potential group I intron RNA binding residues in the CYT-18 NTDs ؉ Twort co-crystal structure in other Pezizomycotina mtTyrRSs. A-C, CYT-18 NTDs ϩ Twort RNA structure (12) and An and Cp NTDs ϩ Twort RNA models, respectively. The full structure or models are shown to the left, and close-up views are shown to the right. The proteins are shown in space-filling representation with HO, Ins 1, and Ins 2 in cyan and labeled A or B to denote to which protein subunit they belong. The P4-P6 and P3-P9 domains of the Twort intron RNA are colored black and orange, respectively. The dashed line shows the possible location of a portion of the L5 loop that was not visible in the CYT-18 NTDs ϩ Twort structure. Amino acid residues located within 4 Å of the intron RNA in the structure or models are labeled on the protein surface. Potentially interacting residues in the Pezizomycotina-specific insertions are indicated in cyan, and potentially interacting residues in the protein core are indicated in different colors depending upon their degree of conservation (purple, identical in all three Pezizomycotina mtTyrRSs; pink, similar in all three Pezizomycotina mtTyrRS; green, not conserved in all three Pezizomycotina mtTyrRSs (4). dues (Arg-63 and Asp-323 in An the mtTyrRS) are present in the Af mtTyrRS (Arg-74 and Asp-334) (Fig. 8A) .
Modeling of the Af mtTyrRS NTDs onto the CYT-18 NTDs ϩ Twort co-crystal structure showed that Ins 1 and Ins 2 are positioned to interact similarly with the intron RNA as in the An NTDs structure, whereas the H0 extension of the Af NTDs interacts more like CYT-18 due to its similar predicted H0 helix length (Fig. 8D) . Residues that interact with the intron RNA in all three proteins are indicated by black asterisks, whereas residues that interact in only one or two proteins are indicated by magenta, purple, and green asterisks for CYT-18, An mtTyrRS, and Af mtTyrRS, respectively (Fig. 8A) . Interestingly, whereas many residues within the insertions are conserved between the An and Af mtTyrRSs, a number of insertion residues identified as intron-interacting in the An NTDs and Af NTDs differ between the two proteins, particularly in the H0 extension and Ins 2 (Fig. 8) . Additionally, as found previously when comparing CYT-18 and the An and Cp mtTyrRSs (see above), the potential intron-interacting residues in the insertions are less conserved than those in the protein core. Five of the 10 intron-interacting core residues are conserved, and one is similar between the Aspergillus enzymes, whereas only (72) . Residues conserved between the two Aspergillus spp. mtTyrRSs are shown in black boxes with white letters, whereas similar residues defined according to the Henikoff matrix (73) are shown in gray boxes. Residues that potentially interact with intron RNA (located within 4 Å in the CYT-18 NTDs ϩ Twort RNA co-crystal structure and An or Af NTDs ϩ Twort RNA models) are indicated by black asterisks above the alignments if the potential interaction is observed in all three, whereas residues that potentially interact with the intron RNA in only one or two of this group are indicated by magenta (CYT-18), purple (An NTDs), or green (Af NTDs) asterisks. B, splicing assays. 32 3 of the 12 interacting residues in the insertions are conserved. These findings again highlight the rapid evolutionary divergence of intron RNA interactions with the less constrained insertion regions (Fig. 8A) .
Comparison with Non-splicing TyrRSs-Next, we compared the group I intron binding surface of the catalytic domain of the Pezizomycotina mtTyrRSs with the same surface in x-ray crystal structures or models of homologous non-splicing TyrRS, including the bacterial G. stearothermophilus and E. coli TyrRSs, the human mtTyrRS, and an I-TASSER model of the S. cerevisiae mtTyrRS, which is a close non-splicing relative of the Pezizomycotina enzymes ( Fig. 9) . In contrast to the bacterial TyrRSs, which lack all three of the Pezizomycotina insertions, all of the mtTyrRSs have an Ins 1, which is an expansion of H5 into the following loop (Fig. 9A) . The human mtTyrRS lacks both an N-terminal extension and Ins 2, whereas the S. cerevisiae mtTyrRS, a closer relative of the Pezizomycotina enzymes, lacks Ins 2 but has a small 14-residue N-terminal extension, which predicted to form a short ␣-helix ( Fig. 9) .
As in the Pezizomycotina mtTyrRSs, Ins 1 in the non-splicing yeast and human mtTyrRSs consists of an expansion of H5 followed by a loop (Fig. 9A ). Although the yeast mtTyrRS Ins 1 is similar in size and number of charged residues to Ins 1 of the Pezizomycotina enzymes, the human mtTyrRs Ins 1 is smaller and has fewer charged residues, suggesting less potential for nucleic acid binding (Fig. 9B ). Both the yeast and human mtTyrRS Ins 1s lack putative intron-interacting residues found in the Pezizomycotina Ins 1s (Fig. 9B) .
Collectively, the most parsimonious interpretation of these observations is that Ins 1 and a short ␣-helical N-terminal extension predated the divergence of Pezizomycotina and Saccharomycotina fungi and the evolution of splicing activity, Residues that were identified as potentially interacting with the Twort intron RNA (located within 4 Å in the CYT-18 NTDs ϩ Twort co-crystal structure; Ref. 12) are indicated with an asterisk. Residues that are identical in three or more of the mtTyrRSs are shown in black boxes with white letters, and residues that are similar in three or more of the mtTyrRSs are shown in gray boxes.
whereas Ins 2 was acquired later, enabling additional contacts with the intron RNA. The N-terminal ␣-helical extension was presumably lost in the lineage leading to the human mtTyrRS.
Electrostatic Potential of the Group I Intron Binding Surface in Splicing and Non-Splicing mtTyrRSs-The evolution of splicing activity can also be traced by comparing the electrostatic potential of the intron binding side of the mtTyrRSs. All of the splicing-active Pezizomycotina mtTyrRSs have a basic, positively charged (blue) surface, consistent with the ability of this surface to bind nucleic acids (Fig. 10A) . By contrast, a similar basic surface was not observed in the bacterial TyrRS or the closely related but non-splicing yeast mtTyrRS and was weaker and less extensive in the non-splicing Homo sapiens mtTyrRS. Notably, the basic intron binding surface of the Pezizomycotina enzymes is composed not only of the insertions (outlined in Fig.  10A ) but also neighboring regions of the protein core, which appear to have evolved toward more positively charged residues as an adaptation for RNA splicing. None of the 10 intron-interacting residues found in the CYT-18 protein core are conserved in the human mtTyrRS or in the Saccharomycotina subphylum (4) . Notably, the basic surface in the Cp mtTyrRS extended farther toward the distal ends of NTDs than in CYT-18 or the An or Af mtTyrRSs (Fig. 10B ). This longer basic tract may reflect co-evolution of the Cp NTDs with the Cp mtLSU intron, which is spliced by this protein (4) and whose P5 element is larger and extends farther toward the distal regions of the NTDs than in the An and N. crassa mtLSU introns (29 nucleotides compared with 16 and 21 nucleotides, respectively) ( Fig.  10B) .
Potential Drug Target Sites in Fungal mtTyrRSs-The novel splicing activity of Pezizomycotina mtTyrRSs, which is required for mitochondrial function, is a potential drug target for therapeutic intervention in fungal infections. The finding (75, 76) . The Pezizomycotina-specific insertions are outlined in black. B, CYT-18 NTDs ϩ Twort RNA co-crystal structure and An and Cp NTDs ϩ Twort RNA structural models with protein electrostatic surface potentials shown (12) . The intron core domains, P4-P6 and P3-P9, are in black and orange, respectively, with the remainder of the intron in gray. The dashed line shows the possible location of a portion of the L5 loop that was not visible in the CYT-18 NTDs ϩ Twort structure. Basic regions of the intron binding surface vary between the CYT-18, An, and Cp NTDs, potentially reflecting adaptive evolution to efficiently splice different group I introns in each organism.
that the group I intron binding site is distinct from the TyrRS active site makes it potentially targetable without inhibiting the essential mtTyrRS activity of the protein. Previous studies showed that the two activities are separable by mutation (24, 26) . The most distinctive features of the Pezizomycotina mtTyrRS required for splicing activity are the Pezizomycotinaspecific insertions, with the structures of H0 and Ins 1 being more conserved between the different fungal enzymes than that of Ins 2.
As our results suggest variability in the manner in which H0 binds group I introns (Fig. 6) , the most suitable drug target in this region may be the highly conserved packing interactions between the H0 helix and the protein core, which helps position the N-terminal extension for RNA splicing. The cyt-18-1 mutation G127E is in a highly conserved glycine located away from the protein surface in a loop wedged between H0 and Ins 1 and likely inhibits splicing by destabilizing the RNA binding scaffold created by the Pezizomycotina-specific insertions (26) . Interactions mediated by ␣-helical structural elements are viewed as particularly tractable for targeting by small molecule inhibitors; peptide-backbone mimics that mimic the ␣-helix; or non-peptide molecules that mimic the side chains of an ␣-helical element but are not helical (62, 63) .
Our findings also identify Ins 1 and neighboring regions of the protein core as particularly promising for drug targeting. The interactions of the protein with the intron RNA in these regions are the most extensive and conserved in different Pezizomycotina mtTyrRSs. Although the human mtTyrRS also has an Ins 1, it is shorter and has fewer basic residues than Ins 1 of the Pezizomycotina mtTyrRSs ( Figs. 9 and 10) . These differences may make it easier to target this region of the Pezizomycotina enzymes without affecting human mtTyrRS activity. The C-terminal domain insertions, which were not studied here, may provide additional potential drug targets.
Evolution of Splicing Activity of Fungal mtTyrRSs-Our comparison of Pezizomycotina mtTyrRSs with each other and with non-splicing mtTyrRSs provides further insight into the evolution of splicing activity. We previously suggested a scenario of pre-adaptive evolution (also referred to as constructive neutral evolution) in which the promiscuous, nonspecific RNA binding properties of the mtTyrRS CTD played a key role in the evolution of splicing activity. According to this scenario, an initial nonspecific interaction between the CTD of the mtTyrRS and a self-splicing group I intron became fixed by a mutation in the intron RNA that made it dependent upon the protein for splicing (27) . Once fixed, further adaptive changes in the protein and intron RNA led to specific binding and more efficient proteindependent splicing. The CTDs of bacterial and mitochondrial TyrRSs have a fold similar to ribosomal protein S4, a promiscuous RNA binding domain that has high nonspecific RNA binding activity and has been incorporated into a variety of proteins that bind structurally different RNAs (64 -67) .
The finding that interactions between Ins 1 and neighboring core regions with the P4-P6 domain of the intron RNA are similar between Pezizomycotina enzymes indicates that these specific interactions evolved early in the evolution of splicing activity before the divergence of Pezizomycotina mtTyrRs. Ins 1, an expansion of H5 into the H5-␤4 loop, was likely already present in the ancestral mtTyrRs. It could have contributed to the initial pre-adaptive interaction with the intron RNA and would have been more amenable than core regions to adaptive changes necessary for specific binding of group I introns without affecting mtTyrRS activity. The large number of intron interactions in and around Ins1 is consistent with a ratchet-like mechanism in which new interactions with the intron RNA enable further RNA structural mutations in turn leading to increased binding and greater dependence upon the protein for RNA splicing.
A similar scenario can be imagined for H0, which may have evolved initially from the distal part of the N-terminal mt targeting sequence, as it is also an amphipathic helix (26, 68, 69) . However, Ins 2 is an expansion of a smaller loop connecting H10 to ␤F that is found only in the Pezizomycotina mtTyrRSs and was likely acquired after the evolution of splicing activity to further stabilize the P5-L9 interaction between the P4-P6 and P3-P9 domains. This multistep evolution of the extended group I intron binding scaffold, which precisely fits the conserved phosphodiester backbone structure of the group I intron catalytic core, enabled the protein to interact with and promote the splicing of diverse group I introns with different structural mutations that impair self-splicing.
After the evolution of an extended group I intron binding scaffold, the mtTyrRSs in different Pezizomycotina species continued to co-evolve with cognate group I introns, leading to variations in their ability to splice different group I introns (4).
Our results indicate that this further differentiation of the protein occurred more readily in unstructured terminal or loop regions, which may be less constrained to preserve TyrRS activity than are RNA binding regions in the protein core. More generally, our results highlight the role of unstructured terminal and loop regions in the evolution of new protein functions. Such disordered regions have higher rates of mutation to nonconserved amino acid residues than ordered regions and tend to evolve at faster rates, allowing for enzyme modifications that lead to new functions (70, 71) .
